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ABSTRACT
In this work we demonstrate that the inner spiral structure observed in AB Aurigae can be
created by a binary star orbiting inside the dust cavity. We find that a companion with a mass-
ratio of 0.25, semi-major axis of 40 au, eccentricity of 0.5, and inclination of 90° produces
gaseous spirals closely matching the ones observed in 12CO (2-1) line emission. Based on
dust dynamics in circumbinary discs (Poblete et al. 2019), we constrain the inclination of the
binary with respect to the circumbinary disc to range between 60° and 90°. We predict that the
stellar companion is located roughly 0.18′′ from the central star towards the east-southeast,
above the plane of the disc. Should this companion be detected in the near future, our model
indicates that it should be moving away from the primary star at a rate of 6 mas/yr on the
plane of the sky. Since our companion is inclined, we also predict that the spiral structure will
appear to change with time, and not simply co-rotate with the companion.
Key words: protoplanetary discs — hydrodynamics — methods: numerical — circumstellar
matter — stars: individual: AB Aurigae
1 INTRODUCTION
Transition discs (TDs) are a class of protoplanetary discs identi-
fied by their central cavities depleted in dust grains (Strom et al.
1989). Originally thought to be an evolutionary stage that all pro-
toplanetary discs pass through, it is now thought that TDs actually
arise due to companion disc interactions (Marsh & Mahoney 1992,
1993; Owen 2016). Therefore TDs may be ideal targets to con-
strain planet formation theories. Spatially resolved observations in
the infrared and at millimetre wavelengths have revealed a com-
plex morphology in many TDs. The observation of asymmetric
dust horseshoes further suggest a dynamical origin for the central
cavity as these structures have been interpreted as vortices gener-
ated by planet-disc interactions (e.g. see van der Marel et al. 2013;
Pérez et al. 2014; Pacheco-Vázquez et al. 2016; Fuente et al. 2017),
gas over-densities orbiting a circumbinary disc (Ragusa et al. 2017;
Price et al. 2018b; Calcino et al. 2019; Poblete et al. 2019), or pile-
ups of dust at the apocentre of an eccentric disc (Ataiee et al. 2013).
Spiral arms observed in scattered light also suggest a dynamical ori-
gin for TD cavities, since spirals are expected to arise as compan-
ions excite Lindblad resonances in the disc (Goldreich & Tremaine
1979, 1980). Although evidence is mounting that the structures ob-
served in TDs arise due to companion-disc interactions, it is still
not clear what the properties of these companions are. Such com-
panions could be planetary (Quillen et al. 2005; Dong et al. 2015),
stellar binary (Ragusa et al. 2017; Price et al. 2018b; Calcino et al.
2019; Poblete et al. 2019) or stellar flyby (Clarke & Pringle 1993;
Pfalzner 2003; Cuello et al. 2019) in nature.
The young star AB Aurigae (estimated age of 4± 1 Myr De-
Warf et al. 2003, hereafter AB Aur) is a spectacular and puzzling
example of a TD. With an A0 spectral type and mass 2.4±0.2M,
AB Aur is one of the closest Herbig Ae stars located at 162.9± 1.5
pc (Gaia Collaboration et al. 2018). The central star is surrounded
by a small 2-5 au radius disc detected in the near-infrared (Millan-
Gabet et al. 2006; di Folco et al. 2009) and an outer disc which
begins at roughly 70-100 au from the central source (Piétu et al.
2005), extending to roughly 450 au (Henning et al. 1998). The
outer disc around AB Aur also shows several prominent features
such as a large cavity (Piétu et al. 2005; Hashimoto et al. 2011;
Tang et al. 2012), spiral arms (Fukagawa et al. 2004; Corder et al.
2005; Hashimoto et al. 2011; Tang et al. 2017), and dusty clumps
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(Tang et al. 2012; Pacheco-Vázquez et al. 2016; Fuente et al. 2017;
Tang et al. 2017), among others.
Inside the cavity, two prominent spiral-like features have been
detected in 12CO (2-1) emission with high-resolution observations
(Tang et al. 2017). The spiral features are four times brighter than
the surrounding medium, and seem to be co-located with asym-
metrical structures seen in near-infrared observations (Hashimoto
et al. 2011). The inner regions coincident with the spiral arms ap-
pear misaligned with respect to the outer disc by∼ 20° (Hashimoto
et al. 2011; Rivière-Marichalar et al. 2019). Additional spiral arms
outside the cavity have also been detected, and seem to be concen-
trated in a specific azimuthal section of the disc (Fukagawa et al.
2004; Hashimoto et al. 2011).
It has been suggested that the spiral arms in AB Aur are the
result of either one (Dong et al. 2016), or multiple companions
connected to the spiral arms (Tang et al. 2017), both internal and
external to the spiral arms. It is also proposed that this compan-
ion can excite the Rossby Wave Instability to trigger vortex forma-
tion (Fuente et al. 2017), producing the dust asymmetry observed
at millimetre wavelengths. However, dust asymmetries can also be
generated in circumbinary discs (Ragusa et al. 2017; Price et al.
2018b; Calcino et al. 2019; Poblete et al. 2019). Additionally, the
gaseous spirals within the cavity could be signatures of binary-disc
interactions.
In this paper, we demonstrate that the spiral arms observed
inside the cavity of AB Aur can be explained by the presence of
an inclined and eccentric inner binary. This adds new evidence to
the binary hypothesis made in Poblete et al. (2019) based on the
mm-dust distribution. We describe the numerical methods and ini-
tial conditions in Section 2. We report our results in Section 3. We
discuss them in Section 4 and draw our conclusions in Section 5.
2 METHODS
2.1 SPH simulations
We perform 3D hydrodynamical simulations of circumbinary discs
(CBDs) using the PHANTOM smoothed particle hydrodynamics
(SPH) code (Price et al. 2018a). We use the same setup as the
‘e50âA˘S¸i90’ case in Poblete et al. (2019) for both disc and binary,
which we describe briefly below.
We model both stars as sink particles (Bate et al. 1995) with an
accretion radius of 1 au. The binary is initialised with a mass ratio
of q = M2/M1 = 0.25 withM1 = 2M andM2 = 0.5M. The
companion is placed on an orbit with a semi-major axis of 40 au,
and an eccentricity eB = 0.5, giving a period of ∼160 yrs. The
binary is inclined by iB = 90° with respect to the circumbinary
disc mid-plane. The initial argument of periapsis (ω) and the line
of nodes (Ω) are both set to 0°. The change and implications of
these values will be discussed in Section 4.1.
The gas disc in our simulation is initialised with 5× 106 SPH
particles in Keplerian rotation with a total gas mass of 0.01 M.
The surface density profile is given by a power law, Σ ∝ R−1. The
disc is vertically isothermal and the temperature profile follows a
shallower power law, T ∝ R−0.3, giving a scale height of H/R =
0.06 at Rin and H/R = 0.1 at Rout. We set the SPH viscosity
parameter αAV ≈ 0.3, which gives a mean Shakura & Sunyaev
(1973) disc viscosity of αSS ≈ 5 ·10−3 (c.f. Lodato & Price 2010).
We did not include dust grains in our simulation.
2.2 Radiative Transfer Calculations
We create synthetic observations of the output from our SPH simu-
lation using the Monte Carlo radiative transfer code MCFOST (Pinte
et al. 2006, 2009). We then simulate the ALMA synthetic observa-
tions using the simutil tools in CASA (v. 5.5.0) and the same
uv-coverage as the observations. Finally, images were obtained us-
ing the same procedure as with the observations (see Section 2.3).
Since we do not include dust grains in our simulation, we con-
struct a dust model using the gas distribution in our SPH simula-
tion and assuming a dust population with a grain-size distribution
dn/ds ∝ s−m between smin = 0.01 µm to smax = 1 mm. The
total dust mass is calculated assuming the typical gas-to-dust ratio
value of 100, where the gas mass is taken directly from our simula-
tion.
The dust grain opacities are temperature independent and cal-
culated assuming spherical and homogeneous grains. The temper-
ature of the central star is set to 10,000 K (van den Ancker et al.
1998) and the luminosity is matched to the estimated value of 52
L by setting the radius to 2.5R and assuming it emits as a black-
body. Radiation from the secondary star is also included, where
we assume a temperature of 3800 K and radius of 1.32 R, giv-
ing a blackbody luminosity of approximately 0.19 L (Siess et al.
2000). The disc is passively heated and we assume that the dust and
gas are in thermal equilibrium. We assume an abundance ratio of
12CO-to-H2 of 10−4 when computing the 12CO (2-1) line emission
intensity.
We used 108 Monte Carlo photon packets to compute the tem-
perature and specific intensities. Images were then produced by
ray-tracing the computed source function. We assume an inclina-
tion of i = 26◦, a position angle PA= −36◦ (Tang et al. 2017;
Rivière-Marichalar et al. 2019), and a source distance of 163 pc
(Gaia Collaboration et al. 2018).
2.3 Observational Data
To confront our simulations with observations, we retrieved the
data used in Tang et al. (2017) from the ALMA archive (project
2015.1.00889.S). These observations were taken in band 6, and in-
clude 12CO (2-1) and continuum data at 1.3 mm with spatial reso-
lution of ∼0.05" (see Tang et al. 2017, for a full description of the
observations). We performed three rounds of phase self-calibration
using the continuum observations, which improved the continuum
peak SNR from 38 to 76. After applying the self-calibration solu-
tions, we imaged the 12CO (2-1) emission using natural weighting,
a uv-tapering of 0.08", and removing baselines shorter than 160 kλ,
since their poor sampling produced substantial artefacts. The re-
sulting cube has a restoring beam of 0.12"x0.09" and an RMS of
3.5 mJy/beam for a 150 m/s channel width. Finally, the correspond-
ing moments 0 and 1 were produced using the bettermoments soft-
ware (Teague & Foreman-Mackey 2018), using σ-clipping at the
3 rms level. A similar process was used to create the corresponding
moments for the simulations.
3 RESULTS
Figure 1 shows the gas surface density after approximately 30 bi-
nary orbits. We divide the disc in two sectors, the outer (the left
panel when r > 90 au), and the inner region (the middle and right
panels when r < 90 au), for easier discussion of the spiral features
propagating through the circumbinary disc and inside the cavity.
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Figure 1. Gas morphology for the simulation once it reaches a quasi-steady state at 30 binary orbits. The left panel shows the entire gas disc, which highlights
the structures of the outer region (r > 90 au), while the middle and right panel show a zoom-in at the inner region (r < 90 au). In the first two panels, the
disc is seen face-on while the binary, located inside the cavity, is perpendicular to the disc. The third panel shows a cross-section at x = 0 au on the zy-plane.
The dashed line represents the mid-plane of the circumbinary disc.
The cavity is contained in the inner region; it is the transition be-
tween the circumbinary disc at the outer region and the circumpri-
mary disc.
3.1 Spiral Arms and Circumprimary Disc
The outer region exhibits multiple spirals which are spiral density
waves generated by the periodic gravitational interaction between
the binary and the inner rim of the gas disc. Such a pattern is similar
to that observed in HD 142527 (Avenhaus et al. 2014), a well stud-
ied binary system. The densest spiral arms seem to concentrate in
the upper-half of the disc, which matches the location of the binary
pericenter, and they remain there throughout the simulation (i.e.
long after 30 binary orbits). As Poblete et al. (2019) describe, this
region favours the formation of dust clumps, which rotate along the
inner edge of the disc. Spiral arms outside the cavity have been seen
in AB Aur in near-infrared observations (Fukagawa et al. 2004;
Hashimoto et al. 2011).
The inner region of the circumbinary discs displays two
prominent spiral arms, similar to the observed spirals in the binary
systems [BHB2007] 11 (Alves et al. 2019), FS Tau A (Yang et al.
2020), and GG Tau A (Phuong et al. 2020). Due to the inclination of
the companion, these spiral arms are shifted out of the plane with
respect to the circumbinary disc. There are also two spiral arms
protruding off of the circumprimary disc, which may be primary
and secondary inner wakes of the companion star. Such spirals are
well studied for massive planetary bodies on circular, co-planar or-
bits (Dong et al. 2015), and co-rotate with the companion. However
as our companion is on an eccentric and inclined orbit, we expect
these wakes to have a more complicated behaviour. The two promi-
nent spirals seem to connect the inner edge of the gas disc with the
innermost regions, producing a flow of material from the outer re-
gion. Therefore, they enrich the central part, feeding the circumpri-
mary disc, and central stars.
We note that the circumprimary disc is i) inclined with respect
to the circumbinary disc and ii) eccentric (see Figures 1 and 2). This
is due to the binary misalignment and eccentricity, which cause
complex three-dimensional morphologies inside the cavity. Such
an inclined circumstellar disc can experience Kozai-Lidov oscilla-
tions due to perturbations from the outer companion (Martin et al.
2014; Zanazzi & Lai 2017). Therefore, we do not expect that the
circumprimary disc will remain on a fixed orientation with respect
to the outer disc and companion. This mechanism is important to
consider when inferring the dynamics or stability of misaligned in-
ner discs in observed systems.
3.2 Orbital Dependence of the Inner Structures
In order to study the spiral structures inside the cavity in more de-
tail, in Figure 2 we plot the surface density for ten time-steps of the
binary orbit after the simulation has reached a quasi-steady state. It
is clearly seen that the spiral pattern and the gas distribution change
markedly over the binary orbit, in strong contrast to what occurs
for companions on co-planar and circular orbits (Dong et al. 2015).
Therefore we expect that the spiral structure in AB Aur will change
over time, and not simply co-rotate with a companion in the cavity.
The apparent chaotic environment of the inner region can be
explained by the gravitational effects of the secondary star with
the surrounding gas. When the secondary is close to periastron
(t ∼ 0.4 Tb), the two spirals fall to the circumprimary disc. When
the secondary star is at the apoastron (t ∼ 0.0 Tb), one of the spi-
rals starts to feed it, instead of falling toward the central region. The
spiral morphology inside the cavity therefore appears to be a com-
plicated mix of streamers feeding the central circumprimary disc,
and spiral density waves propagated from the companion. The or-
bital dependence of these inner structures, especially the two main
spiral arms, could be used as a predictor of the secondary star loca-
tion. This aspect will be discussed in more detail in Section 4.
3.3 Integrated CO Emission
Tang et al. (2017) observed two prominent spirals in the inner re-
gions of AB Aur in 12CO (2-1) emission. The authors provide the
following analytical functions to each spiral (as logarithmic spirals)
r(θ) = 0.85 · e−21·θ arcsec, (1)
r(θ) = 0.38 · e−12.5·θ arcsec, (2)
where θ is the angular coordinate in radians. Equation (1) repre-
sents the eastern spiral, and Equation (2) the western spiral. We
use these functions as a reference to rotate our simulation when
conducting the radiative transfer modelling. Rotating our model
such that the eccentricity vector of the binary companion points
at a PA ∼ 100° provides a close match to the spiral structure. We
have plotted the rotated simulation along to the analytical spirals,
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Figure 2. Inner gas region of the simulation for a whole orbital period (Tb). The orbit is divided into 10 frames to show the changes of gas spirals in the
cavity due to the presence of the binary. The white and black lines represent the eastern [Equation (1)], and the western [Equation (2)] spiral respectively. The
rotation of the system disc-binary is done according to the best match described in Section 3.3. Since our companion is inclined with respect to the disc, it is
below the plane of the disc for 0 Tb ≤ 0.5 Tb, and above the plane of the disc for 0.5 Tb ≤ 1 Tb. Our closest agreement to the fitted spirals from Tang et al.
(2017) occurs at ∼ 0.7 Tb, when the companion is above the plane of the disc, and close to the primary star along the line of sight.
Figure 3. Comparison of 12CO (2-1) moments between our simulation (left panels), and the observation (right panels). The moment 0 is displayed in the first
row and the moment 1 in the second row. The spiral functions are represented as the white line (eastern arm) and the black line (western arm). The central star
is shown at the center of each panel. In our simulations, we mark the location of the secondary star as a smaller star mark; however, we mark as a red circle
the predicted site that it would have the companion in the observations. We highlight the observed hot-spot in the observation as a dashed square in all panels.
The black ellipse at the bottom-left corner of each panel represents the beam size employed.
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namely, the spirals inside the cavity of AB Aur observed with 12CO
(2-1) line emission from Tang et al. (2017) (see Figure 2).
Figure 3 shows the comparison between the integrated 12CO
(2-1) line emission of our simulation computed when t ∼ 0.7 Tb
(upper-left panel), and the integrated 12CO (2-1) line emission ob-
served in AB Aur (upper-right panel). The spiral functions are plot-
ted in both panels, white for the eastern arm, and black for the
western arm. Our model matches relatively well the location of
the spiral arms, and apart from the hot-spot at the south side, the
intensity also matches. The model shows an excess of CO emis-
sion near the primary star with respect to the observation. How-
ever, we note that our simulations do not include mechanisms such
as magneto-hydrodynamical effects, stellar winds, or photoevapo-
ration, all of which could decrease the amount of gas in the inner
regions (Suzuki et al. 2010; Alexander et al. 2014). Additionally,
dust radial drift could reduce the gas-to-dust ratio in the circumpri-
mary disc (Nakagawa et al. 1986), thus increasing its optical depth
and yielding lower CO emission (see Appendix A to watch the ef-
fects of a lower gas-to-dust ratio). Regardless, these processes are
beyond the scope of this paper, and they should not impact our main
results.
3.4 CO Kinematics
We show the comparison between the CO velocity maps of our sim-
ulation and observations of AB Aur in the bottom row of Figure 3.
The kinematics inside the cavity of AB Aur appear to be strongly
perturbed from what would be expected for an inclined disc in Kep-
lerian rotation. This has also been confirmed from HCO+ observa-
tions presented in Rivière-Marichalar et al. (2019), where the inner
regions in particular (r < 0.6 arcsec) show twisted iso-velocity
lines. It has been suggested by several studies on AB Aur that the
inner cavity is misaligned with respect to the outer disc (Hashimoto
et al. 2011; Tang et al. 2017; Rivière-Marichalar et al. 2019), which
can explain the peculiar inner kinematics. This is in agreement with
our model, as material inside the cavity becomes misaligned with
respect to the outer disc due to the orbit of the companion (see right
panel of Figure 1).
Figure 4 compares a selection of the channel maps generated
from our simulation with our reprocessed channel maps of AB Aur.
In the channel maps of AB Aur, we first note that the CO emis-
sion appears to trace the spiral structure, which is consistent with
our model. The propagation angle of the iso-velocity curves differs
slightly between our model and the observations, which may be a
result of the inner regions of our disc being at a different inclination
angle than the inner cavity region of AB Aur.
The emission tracing the southern tip of the eastern spiral con-
tinues in the high velocity channels (i.e. for vlos > 1.84 km/s),
which is also reproduced in our model. Tang et al. (2017) suggest
this may be the signature of a circumplanetary disc, since it is also
co-located with a hot-spot in the integrated CO emission (see Fig-
ure 3). In our model, this high velocity material is not directly con-
nected with the companion because the companion is above the
circumbinary disc plane. This corresponds instead to the material
that is falling onto the circumprimary disc, which is characterised
by a higher line-of-sight velocity compared with the rest of the disc.
This effect is due to the binary inclination with respect to the outer
disc. This complex flow appears clearly in Figure 2 for t ∼ 0.7 Tb.
This material is not as bright in our model compared with the ob-
servations due to it being shielded by the circumprimary disc and
therefore having a lower temperature than the eastern spiral, which
is not being shielded. In AB Aur, the hot-spot may be accretion
Figure 4. Comparison between 12CO (2-1) channel maps of our simulation
(left column), and reprocessed observations (right column). We assume a
systemic velocity of vsys = 5.85 Km/s. We use the same marks in Figure 3
to show the stars, and the same prescription for the spiral arms. The beam
employed in each case is displayed at the last row of the first column as a
white ellipse at the bottom-left corner.
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flows onto the circumprimary disc which are being directly illumi-
nated by the primary star, explaining the excess emission, and its
high velocity.
There are also more tentative features in the channel maps
worth discussing. In our simulation, the iso-velocity curves of the
channel maps do not propagate outward smoothly as would be ex-
pected from an unperturbed Keplerian flow. This is particularly no-
ticeable in our channels with a low line-of-sight velocity, such as
when vlos = [−0.54, 0.57] km/s. These features in our model are
not a product of the sparse uv-coverage, as they are also evident
when we assume perfect uv-coverage. Turning our attention to the
observations of AB Aur in the right column of Figure 4, there may
be some analogous structures in the iso-velocity curves. However
we caution that these structure could be artefacts.
Localised perturbations in the iso-velocity curves have been
suggested to indicate the presence of planetary mass companions
co-located with the perturbations (Pérez et al. 2018; Pinte et al.
2018, 2019). However when the companion is of stellar mass the
perturbations are no longer localised, but are evident across much
of the disc. Similar perturbations in the iso-velocity curves were re-
ported in Calcino et al. (2019) for IRS 48. Our simulations indicate
that we should also expect to see similar structures in AB Aur. Con-
firming these perturbations with higher spectral and spatial resolu-
tion observations (with more complete uv-coverage) would a good
test of our binary hypothesis.
4 DISCUSSION
Thus far, no successful direct imaging detections of an inner com-
panion in AB Aur have been made. However, Baines et al. (2006)
inferred the presence of a companion inside the disc cavity using
spectro-astrometry. Along with the evidence presented here, and
the study of dusty clumps in Poblete et al. (2019), this supports
a stellar binary hypothesis for AB Aur that explains a number of
observed features. The dependence of the inner structure on the or-
bital phase of the companion star (see Section 3.2) provides a way
to predict the companion location. Our best match to the spirals
seen in CO line emission (Figure 3) is reached when the binary
companion is above the plane of the disc and moving away from
the primary star towards the east-southeast. Previous searches for
a companion in this disc may have missed the companion since it
was much closer to the line of sight of the primary star (see panel
0.6Tb of Figure 2). It is then understandable how such a massive
companion may have been missed by previous observations of this
system (Pirzkal et al. 1997). In our model the companion is cur-
rently located at roughly r ∼ 0.18′′ from the central source, with a
PA ∼ 100° and is moving away from the primary star at a rate of
roughly 6 mas/yr. These quantities are model-dependent; however,
we expect that changing the binary parameters could also result in
a good match to the observed spiral structure with the companion
at a different location in the cavity. This aspect is discussed further
below.
4.1 Binary Orbital Parameters
Our simulation provides a compelling match to the spiral structure
in AB Aur. However, once again we caution that other binary con-
figurations may produce a similar double spiral morphology with
the companion at a different location in the cavity. The possible pa-
rameter space is large, and changing the eccentricity, inclination,
semi-major axis, mass-ratio, the argument of periapsis, could all
change the spiral morphology. In this work we have not conducted
an exhaustive search of this parameter space to rule out other pos-
sible configurations. Other works have explored ranges of binary
mass-ratio, eccentricity, and semi-major axis (e.g. see Thun et al.
2017). However, the parameter space including inclination and ar-
gument of periapsis has not been explored as extensively. A limited
portion of this parameter space was explored in Price et al. (2018b)
for HD 142527 (see their figures 1 and 2).
It is worth mentioning the main differences in disc morphol-
ogy that occur when the binary plane is misaligned with respect
to the circumbinary disc. Firstly, when the binary is co-planar, the
circumbinary disc almost always becomes eccentric (Ragusa et al.
2017; Thun et al. 2017; Calcino et al. 2019), with the primary star
near one foci of the ellipse. Another effect on an eccentric disc is
the precession of the cavity shape (Dunhill et al. 2015). This would
change the structures inside the cavity. However when the binary
plane is misaligned, the circumbinary disc is not strongly eccen-
tric in general (e.g. see Figure 1, and Price et al. 2018b). The disc
around AB Aur does not appear to have a substantial eccentricity,
since the continuum and free-free emission associated with the cen-
tral star is close to the projected centre of the dust ring (Tang et al.
2012; Rodríguez et al. 2014; Tang et al. 2017).
The structure of the inner spiral arms also depends on the orbit
of the companion. This can be readily seen in figure 2 of Price
et al. (2018b). Co-planar stellar companions do not appear to make
quasi-symmetric double spiral arms inside the cavity like the ones
seen in AB Aur (Ragusa et al. 2017; Thun et al. 2017; Calcino et al.
2019). Rather, the spiral arms pile up towards the apocentre of the
disc (e.g. see figure 1 of Calcino et al. 2019). For these reasons, we
expect the binary, should it exist, will be misaligned respect to the
circumbinary disc.
Previous works on circumbinary disc dynamics around eccen-
tric binaries show that close to polar configurations are stable for in-
clined discs when the line of nodes of the binary (Ω) is ∼ 90° (Aly
et al. 2015; Martin & Lubow 2017; Zanazzi & Lai 2018; Cuello &
Giuppone 2019). More specifically, a polar configuration is stable if
the binary eccentricity vector and the disc angular momentum vec-
tor are parallel (see figure 1 in Aly et al. 2015). We found that plac-
ing a companion on the stable polar alignment does not produce a
double spiral arm feature inside the cavity of AB Aur. Instead, this
feature is much easier to match when setting the binary eccentric-
ity vector orthogonal with respect to the disc angular momentum
vector (i = 90°, Ω = 0°, ω = 0°). Even though this configura-
tion is not stable for long-term evolution, it has been shown that
misaligned circumbinary discs around an eccentric binary can re-
main in unstable configurations for many thousands of binary orbits
(Smallwood et al. 2019), where the disc oscillates around the stable
configuration. Furthermore, cluster-level star formation simulations
indicate that a substantial portion of binary stars will form with cir-
cumbinary discs that are highly misaligned (Bate 2018; Wurster
et al. 2019). It is also possible for post-formation inflows onto the
circumbinary disc to perturb its angular momentum vector to re-
main misaligned (Dullemond et al. 2019).
Poblete et al. (2019) showed that a binary companion inclined
with respect to the circumbinary disc produces dust asymmetries
resembling those seen in AB Aur. The case with the binary inclined
at iB = 90° does not produce dusty clumps such as those observed
in AB Aur. Their figure 9 shows that the best agreement with the
observations at 1.3 mm is found for iB = 60°. On the other hand,
in the present work, we show that a binary with an orbital plane at
iB = 90° produces an excellent match to the spiral morphology
seen in 12CO line emission in AB Aur. We therefore suggest that
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there is an inclined binary companion in AB Aur, with an inclina-
tion ranging between 60° and 90° (with Ω = 0°, ω = 0°). We note
that this corresponds to an unstable configuration. However, such
a configuration can still be relevant for young systems or systems
experiencing inflows, as discussed above.
4.2 Observational Signatures
In Tang et al. (2017) the spiral arms have an apparent contrast ratio
∼ 4:1 with the surrounding material. The true contrast ratio could
be as low as 2:1 since the uv-coverage is sparse, and more diffuse
emission is filtered out. The contrast implies that the spiral arms
are either a density or temperature enhancement, or a combination
of these. Tang et al. (2017) suggest the spiral structure they observe
maybe be generated by planetary companions; however, it is not
clear how feasible it is for planetary-mass companions to gener-
ate such a contrast ratio in CO emission. Given the large density
enhancements caused by the companion, our inner binary scenario
has no difficulty in explaining the observed contrast ratio between
the spiral arms and surrounding material. We note that varying the
companion’s mass in our simulation changes the contrast ratio be-
tween the spirals and the surrounding material. Although this has
not yet been thoroughly studied for misaligned circumbinary discs,
our results are in agreement with Bae & Zhu (2018) where it is
shown that the higher the companion’s mass the higher the density
contrast.
The best way to distinguish binary-induced spirals from
planet-induced spirals may not be to study the spirals’ brightness,
but rather to trace their position closer to the cavity edge. In Fig-
ure 2, our closest match to the spiral arms occurs when t ∼ 0.7 Tb.
Going through the panels, we see that the spiral arms propagate to-
wards the cavity edge, uninterrupted. Indeed, we can see this in our
radiative transfer models of the simulation; however, the outer part
of the spirals is filtered out when we recreate the observing param-
eters from Tang et al. (2017). Therefore, we predict that with better
uv-coverage the spiral structure should be observed to connect with
the cavity.
The binary scenario could also explain the high accretion
rate observed in the system. AB Aur shows an accretion rate of
1.3 · 10−7 M yr−1; which is considered high for a star of its
kind (Garcia Lopez et al. 2006; Salyk et al. 2013). In Figure 5,
we show the accretion rate of the primary star during one orbit of
the companion in our simulation. We see that during most of the
binary orbit, the accretion rate of the primary remains at roughly
∼ 1.5 ·10−8 M yr−1 However there is a portion of the binary or-
bit where the accretion rate spikes close to ∼ 7 · 10−8 M yr−1.
This occurs at roughly t = 0.2 Tb, and not at the time when we
see the best match to the spiral structure (t ∼ 0.7 Tb, indicated by
the red line). Further exploring the companion’s parameter space
may help to solve this discrepancy. However, we should clarify that
our accretion rate simply measures the flux of SPH particles that
enter the accretion radius of 1 au for our primary star. We do not
model magnetospheric accretion onto the star, or the dynamics of
the clumps of gas that enter inside the accretion radius. Further-
more, the spike in the accretion rate also varies between orbits, by
up to a factor of a few higher than in Figure 5.
5 CONCLUSION
We performed a 3D SPH gas simulation of a circumbinary disc
along with radiative transfer models matching the parameters of
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Figure 5. The accretion rate of the primary, secondary, and pri-
mary+secondary in our simulation during one orbit of the binary. Accretion
rate is expressed in Myr−1, and time is scaled to the orbital period of
the companion. We see a sharp spike in the accretion rate of the primary
at roughly 0.2 TB , which is consistent with the current accretion rate of
1.3 ×10−7 M yr−1 seen in AB Aur (Garcia Lopez et al. 2006; Salyk
et al. 2013). However the accretion rate is low when we best match the spi-
ral structure. The accretion rate of the companion remains low for almost
all of its orbit, except when it intercepts the plane of the disk at roughly
0.5 TB and 1 TB .
AB Aur. Our results support the hypothesis that there is an unseen
stellar companion inside the disc cavity. We conclude that:
(i) The spiral arms in AB Aur can be explained by the presence
of an inner stellar binary that affects the gas within the disc cavity.
(ii) To reproduce the disc morphology, the proposed inner bi-
nary should be of unequal-mass (q ∼ 0.25) and eccentric (eB ∼
0.5). More importantly, given our results and the dust morphologies
in Poblete et al. (2019), we constrain the inclination of the binary
with respect to the circumbinary disc to range between 60° and 90°.
(iii) Since the morphology of the inner spiral arms depends on
the companion location, our model predicts the location of the com-
panion at r ∼ 0.18′′ from the central source, with a PA ∼ 100°.
(iv) Should our proposed companion be detected, we expect it
to have a high radial velocity moving away from the central star.
Our model suggest a motion of 6 mas/yr away from the primary
star, but this value is model dependent.
(v) Motion of the spirals should also be detectable with observa-
tions taken on a long enough baseline. However unlike companions
on co-planar orbits, we expect the spiral structure to vary with time,
and not co-rotate with the companion.
Our present work adds to the growing body of evidence that
suggests the spiral arms and dust asymmetries observed in many
TDs are not necessarily sign-posts for planet formation. Rather, this
class of discs may in fact be made of two distinct sub-populations:
genuine planet hosting TDs such as PDS70 (Keppler et al. 2018;
Müller et al. 2018), and circumbinary discs such as HD 142527
(Biller et al. 2012; Lacour et al. 2016; Price et al. 2018b). Future
observations will confirm or rule out the circumbinary nature of the
disc around AB Aur.
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APPENDIX A: CO MAPS FOR A GAS-TO-DUST RATIO
OF 10
In order to explore the effects of a lower gas-to-dust ratio on the
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Figure A1. Same as Figure 3 but for a gas-to-dust ratio of 10.
excess of CO emission in the central sector, we computed the same
radiative transfer model presented in Section 2.2 but for a gas-to-
dust ratio of 10. The results are shown in Figures A1 and A2. With
this setup, the models resemble the observed CO emission of the
inner regions more closely. This suggests that in the inner regions
the gas-to-dust ratio could reach values as low as 10.
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Figure A2. Same as Figure 4 but for a gas-to-dust ratio of 10.
MNRAS 000, 1–9 (2020)
